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[0001] This application claims the benefit of priority to U.S. Provisional 
Application No. 60/454,511, filed on March 13, 2003, and is a continuation-in-part of 
U.S. Application Serial No. 10/307,241, filed on November 27, 2002, which is a 
divisional of U.S. Application Serial No. 09/519,640, filed on March 6, 2000, now 
Patent No. US 6,489,704 Bl, which claims the benefit of priority to U.S. Provisional 
Application No. 60/123,900, filed on March 11, 1999, the disclosures of which are 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0002] The present invention relates to the conversion of thermal energy to 
electrical energy, and electrical energy to refrigeration, and more particularly to a solid 
state thermionic converter using semiconductor diode implementation. 

2. Relevant Technology 

[0003] Thermionic energy conversion is a method of converting heat energy 
directly into electrical energy by thermionic emission. In this process, electrons are 
thermionically emitted from the surface of a metal by heating the metal and imparting 
sufficient energy to a portion of the electrons to overcome retarding forces at the surface 
of the metal in order to escape. Unlike most other conventional methods of generating 
electrical energy, thermionic conversion does not require either an intermediate form of 
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energy or a working fluid, other than electrical charges, in order to change heat into 
electricity. 

[0004] In its most elementary form, a conventional thermionic energy converter 
includes one electrode connected to a heat source, a second electrode connected to a 
heat sink and separated from the first electrode by an intervening space, leads 
connecting the electrodes to an electrical load, and an enclosure. The space in the 
enclosure is either highly evacuated or filled with a suitable rarefied vapor, such as 
cesium. 

[0005] The essential process in a conventional thermionic converter is as follows. 
The heat source supplies heat at a sufficiently high temperature to one electrode, the 
emitter, from which electrons are thermionically evaporated into the evacuated or 
rarefied vapor-filled interelectrode space. The electrons move through this space 
toward the other electrode, the collector, which is kept at a low temperature near that of 
the heat sink. There the electrons condense and return to the hot electrode via external 
electrical leads and an electrical load connected between the emitter and the collector. 
The flow of electrons through the electrical load is sustained by the temperature 
difference between the electrodes. Thus, electrical work is delivered to the load. 
[0006] Thermionic energy conversion is based on the concept that a low electron 
work function cathode in contact with a heat source will emit electrons. These electrons 
are absorbed by a cold, high work function anode, and they can flow back to the 
cathode through an external load where they perform useful work. Practical thermionic 
generators are limited by the work function of available metals or other materials that 
are used for the cathodes. Another important limitation is the space charge effect. The 
presence of charged electrons in the space between the cathode and anode will create an 
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extra potential barrier which reduces the thermionic current. These limitations 
detrimentally affect the maximum current density, and thus present a major problem in 
developing large-scale thermionic converters. 

[0007] Conventional thermionic converters are typically classified as vacuum 
converters or gas-filled converters. Vacuum converters have an evacuated medium 
between the electrodes. These converters have limited practical applications. 
[0008] Embodiments in a first class of gas-filled converters are provided with a 
vaporized substance in the interelectrode space that generates positive ions. This 
vaporized substance is commonly a vaporized alkali metal such as cesium, potassium 
and rubidium. Because of the presence of these positive ions, liberated electrons can 
more easily travel from the emitter to the collector. The emitter temperature in this type 
of conventional device is in part determined by the vaporization temperature of the 
substance that generates the positive ions. Generally, the emitter temperature should be 
at least 3.5 times the temperature of the reservoir of the positive ion generating 
substance if efficient production of ions is to be achieved in these conventional devices. 
[0009] Embodiments in a second class of gas-filled converters are provided with a 
third electrode to generate ions, and the gas in the interelectrode space in these 
conventional devices is an inert gas such as neon, argon, or xenon. Although these 
converters can operate at lower temperatures, such as about 1500 K, they are more 
complex. 

[0010] Typical conventional thermionic emitters are operated at temperatures 
ranging from about 1400 K to about 2200 K, and thermionic collectors are operated at 
temperatures ranging from about 500 K to about 1200 K. Under optimum conditions of 
operation, overall efficiencies of energy conversion range from 5% to 40%, electrical 
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power densities are of the order of 1 to 100 watts/cm 2 , and current densities are of the 
order of 5 to 100 A/cm 2 . In general, the higher the emitter temperature, the higher the 
efficiency, the power and current densities with designs accounting for radiation losses. 
The voltage at which the power is delivered from one unit of a typical converter is 0.3 
to 1.2 volts, i.e., about the same as that of an ordinary electrolytic cell. Thermionic 
systems with a high power rating frequently include many thermionic converter units 
connected electrically in series. Each thermionic converter unit is typically rated at 10 
to 500 watts. 

[0011] The high-temperature attributes of thermionic converters are advantageous 
for certain applications, but they are restrictive for others because the required emitter 
temperatures are generally beyond the practical capability of many conventional heat 
sources. In contrast, typical thermoelectric converters are operable at heat source 
temperatures ranging from about 500 K to about 1500 K. However, even under 
optimum conditions, overall efficiencies of thermoelectric energy converters only range 
from 3% to 10%, electrical power densities are normally less than a few watts/cm , and 
current densities are of the order of 1 to 100 A/cm 2 . 

[0012] From a physics standpoint, thermoelectric devices are similar to thermionic 
devices. In both cases a temperature gradient is placed upon a metal or semiconductor, 
and both cases are based upon the concept that electron motion is electricity. However, 
the electron motion also carries energy. A forced current transports energy for both 
thermionic and thermoelectric devices. The main difference between thermoelectric 
and thermionic devices is in the transport mechanism; ballistic and diffusive transport 
for thermionics and ohmic transport for thermoelectrics. Ohmic flow is 
macroscopically diffusive, but not microscopically diffusive. The distinguishing feature 
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is whether excess carriers are present. In thermoelectrics, the carriers normally present 
are responsible for current. In thermionics, the current is due to putting excess carriers 
in the gap. A thermionic device has a relatively high efficiency if the electrons 
ballistically go over and across the gap. For a thermionic device all of the kinetic 
energy is carried from one electrode to the other. The motion of electrons in a 
thermoelectric device is quasi-equilibrium and ohmic, and can be described in terms of 
a Seebeck coefficient, which is an equilibrium parameter. 

[0013] In structures with narrow barriers, the electrons will not travel far enough to 
suffer collisions as they cross the barrier. Under these circumstances, the ballistic 
version of thermionic emission theory is a more accurate representation of the current 
transport. 

[0014] Solutions to the foregoing problems have been sought according to the 
present state of the art by using vacuum converters or gas-filled converters. Attempts to 
reduce space-charge effects with vacuum converters have involved the reduction of the 
interelectrode separation to the order of micrometers. Attempts to reduce the same 
effects with gas-filled converters have led to the introduction of positive ions into the 
cloud of electrons in front of the emitter. Nevertheless, these conventional devices still 
present shortcomings such as those related to limited maximum current densities and 
temperature regimes. 

[0015] Consequently, there remains a need to provide a more satisfactory solution 
to converting thermal energy to electrical energy at lower temperature regimes with 
high efficiencies and high power densities. 
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SUMMARY OF THE INVENTION 
[0016] The present invention relates to solid state energy converter devices and 
methods with a semiconductor or semiconductor-metal implementation for conversion 
of thermal energy to electric energy, or electric energy to refrigeration. In w-type heat- 
to-electricity embodiments of the invention, a highly doped n* emitter region made of a 
metal or semiconductor material injects carriers into an «-type gap region. A /?-type 
layer is positioned between the emitter region and the gap region, allowing for 
discontinuity of corresponding Fermi-levels and forming a potential barrier to sort 
electrons by energy. 

[0017] Additional /?-type layers can optionally be formed on the collector side of the 
gap region. One type of these layers with higher carrier concentration (p*) serves as a 
blocking layer at the cold side of the device, and another layer (p**) with carrier 
concentration close to the «-type concentration in the gap reduces a thermoelectric back 
flow component. These /?-type layers can be used alone or together on the collector 
side. Ohmic contacts on both sides of the device close the electrical circuit through- an 
external load. In the case of a refrigerator, the external load is substituted by an external 
power supply. 

[0018] In additional embodiments of the invention, p-type converters can be 
formed, as well as thermal diode stacks. The invention works for holes as well as for 
electrons. Efficiencies approaching thermodynamic limit can be achieved with the 
devices of the invention. 

[0019] These and other features of the present invention will become more fully 
apparent from the following description and appended claims, or may be learned by the 
practice of the invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0020] In order to illustrate the manner in which the above recited and other 
features of the invention are obtained, a more particular description of the invention 
briefly described above will be rendered by reference to specific embodiments thereof, 
which are illustrated in the appended drawings. Understanding that these drawings 
depict only typical embodiments of the invention and are not therefore to be considered 
limiting in scope, the invention will be described and explained with additional 
specificity and detail through the use of the accompanying drawings in which: 
[0021] Figure 1 is a schematic depiction of a thermal diode embodiment of the 
present invention that improves thermoelectric performance of a given semiconductor 
device; 

[0022] Figure 2 is a plot of the Fermi level for InSb, relative to the bottom of the 
conduction band, as a function of ionized acceptor concentration (left) and ionized 
donor concentration (right); 

[0023] Figures 3A and 3B are plots of a calculated carrier concentration impurity 
profile and corresponding barrier shape for He-4 implantation; 

[0024] Figure 4 is a plot of relative electric output as a function of emitter barrier 
height; 

[0025] Figure 5 is a plot of the ideal calculated positions of the Fermi-level and the 
bottom of the conductance band for a InSb gap region with 10 18 cm" 3 Te doping and a p- 
type barrier; 

[0026] Figure 6 is a plot of relative electric output normalized to thermoelectric 
performance as a function of a collector barrier height; 
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[0027] Figure 7 is a plot of the calculated energy levels for an optimized converter 
of the invention having an emitter barrier combined with another injection barrier; 
[0028] Figure 8 is a plot of the calculated energy levels for an optimized converter 
of the invention having an emitter barrier combined with a blocking layer; 
[0029] Figure 9 is a plot of the calculated energy levels for an optimized converter 
of the invention having an emitter barrier combined with both another injection barrier 
and a blocking layer; 

[0030] Figure 1 OA is a schematic depiction of a thermal diode converter of the 
invention that includes an emitter injection barrier-only stack; 

[0031] Figure 1 0B is a schematic depiction of a further thermal diode converter of 
the invention that includes an emitter injection barrier plus compensated layer stack; 
and 

[0032] Figure 10C is a schematic depiction of another thermal diode converter of 
the invention that includes an emitter injection barrier plus collector injection barrier 
stack. 




- Page 8 - 



Docket No. 13693.22.1 



DETAILED DESCRIPTION OF THE INVENTION 
[0033] The present invention relates to solid state energy converter devices with a 
semiconductor or semiconductor-metal implementation for conversion of thermal 
energy to electric energy, or electric energy to refrigeration. The invention can be 
implemented for holes as well as for electrons. Efficiencies approaching 
thermodynamic limits can be achieved with the devices of the invention. 
[0034] Referring to the drawings, Figure 1 is a schematic depiction of one 
embodiment of a solid state energy converter of the invention in the form of a thermal 
diode 10, which improves thermoelectric performance of a given semiconductor device. 
As shown in Figure 1, thermal diode 10 has «-type conductivity, and includes an emitter 
region 12 in thermal communication with a hot heat exchange surface 14. The emitter 
region 12 comprises an «-type region 16 with donor concentration «* for electron 
emission. A semiconductor gap region 18, with a donor doping w, is in electrical and 
thermal communication with emitter region 12. A /?-type barrier layer 20 with acceptor 
concentration p* is interposed between emitter region 12 and gap region 18. The 
barrier layer 20 is configured to provide a potential barrier and Fermi-level 
discontinuity between emitter region 12 and gap region 18. 

[0035] As further shown in Figure 1, thermal diode 10 can optionally include a 
collector region 22 in thermal communication with a cold heat exchange surface 24. 
The gap region 18 is in electrical and thermal communication with collector region 22 
when present. A first ohmic contact 26 is in electrical communication with emitter 
region 12 and a second ohmic contact 28 is in electrical communication with collector 
region 22. The first and second ohmic contacts 26, 28 close an electrical circuit 30 
through an external load (Rl) for heat to electricity conversion. Alternatively, the first 
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and second ohmic contacts 26, 28 can close electrical circuit 30 through an external 
power source (PS), in place of the external load, for electricity to refrigeration 
conversion. 

[0036] The collector region 22 can include an additional injection barrier layer (p 1 ) 
with a carrier concentration p** that is adjacent to gap region 18 to reduce a 
thermoelectric back flow component. The collector region 22 can also include an 
additional compensation layer (p ), with acceptor concentration p* being the same as 
donor concentration in gap region 18, and serving as a blocking layer at the cold side of 
the converter. 

[0037] The collector region 22 can also include both /?-type layers, the additional 
injection layer (p 1 ) and the additional compensation layer (p c ), with the injection layer 
placed between the gap region and the compensation layer. 

[0038] It should be understood that emitter region 12 and gap region 18 greatly 
improve thermoelectric performance of thermal diode 10, and the device is viable even 
without collector region 22. 

[0039] The emitter region 12 is formed of electrically and thermally conductive 
materials such as metals, metal alloys, semiconductors, or doped semiconductors. The 
emitter may also include an electrically and thermally conductive material on a 
substrate. Non-limiting examples of suitable materials for the emitter region include 
Hgi- x Cd x Te, Cd3As2, CdSnAs2, SiGe alloys, TAGS, InAsi_ x Sb x , Ga x Ini_ x As y Sbi- y , 
PbTe, PbSe, PbS, Gei_ x Sn x and the like. The emitter region 12 can have a thickness of 
greater than about 1 jam, or about 2 carrier scattering lengths. 

[0040] The gap region 18 can be formed with semiconductor materials such as 
InSb, HgCdTe, Cd 3 As 2 , CdSnAs 2 , Gei_ x Sn x , CdGeAs 2 , InGaSbAs, PbTe, PbS, PbSe, 
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and the like. The semiconductor materials used in the gap region can be in the form of 
wafers doped with an «-type impurity such as tellurium. The gap region 18 can be 
segmented so that it includes a first layer of a semiconductor material, and a second 
layer that reduces heat flow density made of a metal or a different highly n-doped 
semiconductor material. 

[0041] The semiconductor gap (first layer) in gap region 18 can be as thin as one or 
more carrier scattering lengths to preserve potential barrier structure. For example, the 
semiconductor gap can be at least 1 carrier scattering length wide, and preferably at 
least 5 carrier scattering lengths wide. The gap region can have a total thickness of up 
to about 1 mm. Metal materials that may be used in the gap region include Mo, steel, 
and the like. 

[0042] The p-type barrier layer 20 can have a thickness of up to about 1 jim, and 
can be formed by deposition of a semiconductor such as InSb doped with a p-type 
impurity (e.g., Co, Zn, Ge, Mn, Mg, Fe, Cu, Ag, Cr, etc.). As discussed in more detail 
hereafter, the p* doping concentration of the p-type layer relates to the n doping 
concentration of the gap region as p, > «/ (m* p lm*^ where m* p is the effective mass of 
holes, m*„ is the effective mass of electrons, and subscript i denotes ionized fraction of 
carriers at a given temperature. 

[0043] In an alternative embodiment of a solid state energy converter of the 
invention, thermal diode 10 of Figure 1 can be formed with p-type conductivity. Such 
an embodiment includes an emitter region 12 in thermal communication with a hot heat 
exchange surface, with the emitter region comprising a p-type region with acceptor 
concentration p* for hole emission. A semiconductor gap region 18, with a donor 
doping p, is in electrical and thermal communication with emitter region 12. An «-type 
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barrier layer 20 with donor concentration n* is interposed between emitter region 12 
and gap region 18. The p-type thermal diode can optionally include a collector region 
22 in thermal communication with a cold heat exchange surface. A first ohmic contact 
is in electrical communication with emitter region 12 and a second ohmic contact is in 
electrical communication with collector region 22. 

[0044] The converter devices of the invention can be formed by conventional 
deposition techniques that are typically used to form metallic and semiconductor layers, 
which are well known to those skilled in the art. 

EXAMPLES 

The following examples are provided to illustrate the present invention, and are 
not intended to limit the scope of the invention. 

Example 1 - Emitter and Converter Design 

[0045] In developing the present invention, indium antimonide (InSb) was used as a 
model semiconductor material, due to its commercial availability. InSb has one of the 
highest known electron mobilities and the largest scattering length (0.8 microns at room 
temperature). On the other hand, the thermal conductivity of InSb is relatively high, 
resulting in a below average thermoelectric figure of merit (ZT = 0.2 for optimized 
conditions). It should be understood that most of the results achieved experimentally 
for InSb can be applied for a variety of other semiconductors with corrections for their 
properties. However, two extreme cases where this approach might not work is when 
the bandgap is too small (less than keT, where kB is Boltzmann's constant and T is 
absolute temperature), or too large, such that it is difficult to create a thermal current 
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induced Fermi-level discontinuity within reasonable barrier height, such as less than 10 
k B T. 

[0046] Wafers (gap) doped with tellurium («-type) were used in the present design. 
Doping level was around 10 18 atoms per cubic centimeter (atoms/cm 3 ). The basic 
design for an «-type converter is n*/p/n, where /i* is the emitter (can be either metal or 
semiconductor), p is the barrier layer, and n is the gap material. A corresponding ^p-type 
converter layout is p*lnlp y where/?* is the emitter, n is the barrier layer, and p is the gap 
material. For simplicity, /?-type converter embodiments will not be discussed further, 
with the understanding that the physics involved is the same and design changes are 
evident. On the collector side of the converter, addition of a /?-type compensation layer 
further improves device performance. An additional current injection effect, which is 
described hereafter, can provide even higher device performance. 
[0047] In forming a converter according to the present invention, an emitter layer 
with an w* region was formed by depositing an InSb layer that was highly doped with 
tellurium, or by depositing a metal layer in the form of In, Mo, or In-Ga eutectic. The 
/?-type layer was formed to create a potential barrier for hot electron injection, and 
provides a discontinuity of the Fermi level, thus preventing electrical short-out of the 
emitter. Addition of any p-type layer on an «-type gap creates a potential barrier, but 



S h 5 S b only high enough concentration of /?-type carriers ensures a discontinuity of the Fermi 
< i 1 1 ° § level In other words, the /?-type layer functions as a separator. Positioning of the 



Fermi level relative to the bottom of the conduction band as a function of donor and 
acceptor concentration is described by Kane's diagram. Figure 2 is a Kane's diagram 
for InSb, which shows a plot of the Fermi level (meV) as a function of ionized acceptor 
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concentration (left) and ionized donor concentration (right). Figure 2 illustrates the 
results for temperatures of 300 K, 350 K, 400 K, 450 K, 500 K, 550 K, and 600 K. 
[0048] The p-type layer was formed using a method based on the fact that a vacancy 
in InSb forms a /?-type impurity with the same ionization energy as Te (50 meV). This 
is convenient in the sense that relative concentration of both n- and /?-type impurities 
stays the same over the whole temperature change range. Vacancy concentration 
induced by inert gas implantation was modeled by TREM-91 software (Ziegler and 
Biersack, IBM, 1991). Figure 3 A is a plot of a calculated carrier concentration impurity 
profile after 20-350 keV 4 He implantation in InSb doped with Te to 1 x 10 18 cm" 3 , and 
Figure 3B is a corresponding calculated barrier shape for implantation at room 
temperature. 

[0049] This particular impurity profile and others were realized using commercial 
implanters (Core Systems, Inc., Sunnyvale, California). Implanted InSb wafers were 
cut into small pieces, typically a few square millimeters, and tested in test apparatus, 
described elsewhere {see e.g., P. Hagelstein and Y. Kucherov, Proceedings of the 2001 
Fall Materials Research Society Conference, Boston, MA, edited by G.S. Nolas, Vol. 
691, pp. 319-324, which is incorporated herein by reference). Pieces of the same wafers 
without ion implanted layers provided a thermoelectric reference. Cumulative test 
results are shown in Figure 4 for 0.5 mm thick wafers in a plot of relative electric output 
as multiple of thermoelectric performance for different emitter barrier heights and 
temperatures. 

[0050] The barrier width was the same as shown in Figure 2. The peak of 
performance was approximately one k B T wide (k B is Boltzmann's constant and T is the 
absolute temperature). At 313 K there is no change relative to the thermoelectric 
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performance, until the barrier height reaches approximately 4 k B T. Optimum barrier 
height goes down as the temperature goes up. There was up to 6 times the 
thermoelectric output observed. 

[0051] The effective mass of electrons is m*„ = m n lm 0 = 0.0136 (m 0 is free electron 
mass), and the effective mass for holes is m% = mplm 0 is 0.2 {see G. Slack, CRC 
Handbook of Thermoelectrics, p. 420, CRC press, 1995). The ratio is 14.7 and 
experimental peak performance occurs when hole concentration is about 14.5-15.5 
times higher than electron concentration. In other words, Fermi level discontinuity and 
for this particular case maximum output happens when there is a delocalized 
compensation layer. It should be noted that at low doping levels in the gap, maximum 
performance can be at barrier doping levels higher than the compensation level to 
provide a higher barrier. But in most cases compensation condition is sufficient. In 
Patent No. US 6,396,191 Bl, the disclosure of which is incorporated herein by 
reference, maximum collector performance at a localized compensation point is 
described, when concentration of p and fl-type impurities is the same. 
[0052] In the general case, localized compensation can be written for a given 
semiconductor as: 

Pi = nt (1), 
where pi is the ionized acceptor impurity concentration and m is the ionized donor 
impurity concentration. Ionized fraction of impurity is defined (for acceptors as an 
example) as /?, =p/(l+g exp-{E F -Ej /k B T}, where Ei is the ionization energy for a given 
impurity, E F is the Fermi level, g is the degeneration factor, which is 4 in the case of 
InSb, k B is the Boltzmann constant, and T is the absolute temperature. For a delocalized 
compensation, corresponding to a maximum emitter performance: 
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(2). 



[0053] Equation (2) allows one to optimize the emitter side for InSb and probably 
any other semiconductor. A six times increase in thermoelectric performance elevates 
an InSb device to a status of a relatively good thermoelectric. Ideal calculated positions 
of the Fermi-level and the bottom of conductance band for an InSb gap with 10 18 cm" 3 
Te doping and a /?-type barrier are shown in the plot of Figure 5. 

[0054] A layer of intrinsic material with a thickness larger than the scattering length 
functionally appears to be the same as a localized compensation layer and can be 
regarded as an alternative for manufacturing. In this case, an w-type converter will look 
like n*/i/n/i*, where w* is the emitter, i is the emitter intrinsic layer, n is the gap 
material and /* is the collector intrinsic layer. It is understood that in some cases a 
combination of both localized and delocalized barriers might be preferable. 
[0055] If more efficient materials are started with, for example, Hgi_ x Cd x Te, 
Cd3As2, CdSnAs2> SiGe alloys, TAGS, InAsi_ x Sb x , Ga x Ini. x As y Sbi- y , etc., efficiencies 
approaching thermodynamic limit can be achieved. A 40% of ideal Carnot cycle was 
observed experimentally with Hgo.86Cdo.14Te with In-doped emitter, but even this 
number can be improved. An actual device for higher temperature operation would 
require a thin diffusion barrier layer, thinner than the tunnelling length of the carrier in a 
barrier material, on the emitter interface, to prevent concentration profile wash-out. 
Known diffusion barriers are typically made of refractory materials like TiN, ZrN, HfN, 
TaN, W, etc. In the case of HgCdTe, a known diffusion barrier material is Yb 
(ytterbium oxide). 
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Example 2 - Collector Design 

[0056] The same implantation method was used to study effects of barrier height on 
the collector side of a converter. Experimental results are shown in the plot of Figure 6, 
in the form of electric output normalized to thermoelectric performance as a function of 
a collector barrier height. The collector temperature (T c ) was close to the room 
temperature. Two separate effects can be observed. At low barrier height one peak is 
around localized compensation, where concentration of a /?-type impurity equals an n- 
type impurity concentration. For this case, ionization energy for donors and acceptors 
is the same. At higher barrier heights the second peak position is exactly the same as in 
Figure 4, for corresponding temperatures, suggesting that there is current injection from 
the gap into the collector contact. Once again, this peak corresponds to a delocalized 
compensation layer. The emitter and collector are separated by a semiconductor layer, 
which is many times thicker than both the emitter and collector layer thicknesses. As a 
result, it is reasonable to assume that emitter and collector sides work to a large extent 
independently, at least in the limit when open circuit voltage across the converter is 
smaller than both barrier heights. This provides the opportunity to combine the emitter 
barrier with another injection barrier, with a blocking layer, or with both. 
[0057] For example, Figure 7 is a plot of the calculated energy levels for an 
optimized converter having an emitter barrier (InSb gap region with 10 18 cm' 3 Te 
doping and thickness of 0.5 mm) combined with another injection barrier. The emitter 
hot side temperature T ho t = 300 °C, and the collector cold side temperature T co id =10 
°C. Figure 8 is a plot of the calculated energy levels for an optimized converter having 
an emitter barrier (InSb gap region with 10 cm" Te doping and thickness of 0.5 mm) 
combined with a blocking layer. The emitter hot side temperature T ho t = 300 °C, and 
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the collector cold side temperature T co id = 10 °C. Figure 9 is a plot of the calculated 
energy levels for an optimized converter having an emitter barrier (InSb gap region with 

10 -1 

10 cm" Te doping and thickness of 0.5 mm) combined with both another injection 
barrier and a blocking layer. The emitter hot side temperature Th 0 t = 300 °C, and the 
collector cold side temperature T co id = 10 °C. 

[0058] Barrier heights can be obtained from experimental graphs on Figures 4 and 
6. The same barrier heights can also be obtained using Kane's diagram {see Figure 1) 
with formula (1) for a collector blocking layer and formula (2) for emitter and collector 
injection layers. Corresponding enhancement of thermoelectric performance (in the 
limit that open circuit voltage is below the corresponding barrier height) can be as high 
as about 9 in the case of the collector injection layer, about 8 in the case of a blocking 
layer, or about 14, when all these layers are present. 

[0059] For thinner plates, enhancement of thermoelectric performance can be even 
more dramatic, because thermoelectric open circuit voltage is lower and does not 
interfere with collector barrier(s). All performance enhancements for 0.5 mm thick 
plates (gap) comes from two thin layers with combined thickness 300 times less than 
the gap itself. After a hot carrier crosses the barrier it propagates in a gap and scatters. 

O § * = After roughly 5-10 scatterings the hot carrier is completely thermalized and carrier 

O £ > £ ^ £ 

P °2 h 5 S b distribution in the gap is back to the unperturbed Fermi-distribution. For InSb, 
3 § 1 3 8 o scattering length is approximately 0.8 microns at room temperature, meaning that after 
2 S § s tj 4-8 microns the gap is not contributing much to the device performance. 

[0060] If a stack of multiple devices is made and contact resistance does not exceed 
the gain from additional devices, efficiency can be gained by adding more devices with 
a thickness more than 5-10 scattering lengths. This approach is described in Patent No. 
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US 6,396,191 Bl with less detail on a separate device. Ideally, barriers in each device 
or at least a block of devices should be adjusted to operating temperature in compliance 
with formula (2). Multiple devices in series can be formed with emitter injection 
barrier-only, emitter and collector injection barriers, emitter and collector blocking 
barriers, or all three barriers simultaneously. 

[0061] For example, Figure 1 OA is a schematic depiction of a thermal diode 
converter of the invention that includes an emitter injection barrier-only stack 100 
having a first diode 110 with a design structure of n*lpln on the hot side (Th), and a 
plurality of repeating N diodes 120 of the same structure as first diode 110 that 
terminate on the cold side (Tc) with an «* layer. Figure 1 0B is a schematic depiction of 
a thermal diode converter of the invention that includes an emitter barrier plus 
compensated layer (collector blocking barrier) stack 200. The stack 200 has a first 
diode 210 with a design structure of n*lplnlp c on the hot side (T H ), and repeating N 
diodes 220 of the same structure that end on the cold side (T c ) with an «* layer. Figure 
10C is a schematic depiction of another thermal diode converter of the invention that 
includes an emitter barrier plus collector injection barrier stack 300. The stack 300 has 
a first diode 310 with a design structure of n*lplnlpi on the hot side (T H ), and repeating 
N diodes 320 of the same structure that end on the cold side (T c ) with an «* layer. 
[0062] In addition, a thermal diode converter of the invention can also include an 
emitter barrier plus compensated layer and collector injection barrier stack. This stack 
has a first diode with a design structure of n*/p/n/pi/p c similar to the diode shown in 
Figure 1, and repeating N diodes having the same structure as the first diode that 
terminate with an layer as shown in Figures 10A-10C. 
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[0063] There are few ways of representing injection barrier. One is that potential 
barrier stops all carriers with energies below the barrier height. Carriers that go over the 
barrier constitute a majority of the forward moving carriers and at a scattering length 
distance from the barrier, effective carrier temperature is higher than the barrier height. 
For a 100 meV barrier it is roughly 1200 K, with some dilution from a Fermi- 
distribution in this layer. Assuming linear device behavior in every aspect, the barrier 
can be regarded as a thermoelectric layer of the same material, but with a Seebeck 
coefficient four times higher than at room temperature, or a figure of merit sixteen times 
higher compared with the same layer but without a barrier. 

[0064] After a few scattering lengths carriers are in a thermal equilibrium again and 
the barrier injection can be repeated. Unlike a stack of two thermoelectric plates, 
though, the next device in series will contribute an equivalent Seebeck coefficient, 
which is more a function of barrier height than interface temperature and can be close to 
the first device. A stack of two devices now has nearly double the Seebeck coefficient 
and double the thermal and electric resistance, but because figure of merit goes up like 
the Seebeck coefficient squared, equivalent figure of merit goes up. 
[0065] In a 0.5 mm thick device, about 50-60 barrier structures can be 
§z v E accommodated. In reality, contact resistance on each interface will reduce the heat flow 

Pshwhh through the device and injection current is part of the total heat flow, so the effect 

£ 8 < £ * 

5 o 1 3 S u magnitude relative to thermoelectric effect will go down. Simple modeling, assuming 

G g£ 2 2 3 

2 £ § 8 ts linear dependence of open circuit voltage on temperature, shows that with ideal contacts 

p < 2 

contributing only phonon mismatch components to the contact thermal resistance, the 
optimum number of interfaces is about 20 with a 25 times gain in a figure of merit. 
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After about 100 interfaces there is no gain. A more complicated stack can include 
temperature adjusted barriers and the like. 

[0066] The designs shown in Figures 1 OA- 10C are very useful for refrigeration 
applications, because equivalent Peltier coefficient is proportional to the sum of 
separate barrier heights. Coefficient of performance is proportional to the square of the 
Peltier coefficient and even a few barriers will result in a much better refrigeration 
performance. 

[0067] As already mentioned above, after about 5-10 scattering lengths, gap does 
not contribute much to the device performance. This means that most of the 
semiconductor material thickness can be replaced with a metal. A metal layer in this 
case is used to reduce specific heat flow. The device can be built by depositing emitter 
and collector semiconductor structures as described above on a metal plate. The metal 
should be matched to the semiconductor in terms of thermal expansion coefficients. In 
some cases a thin intermediate amorphous layer of a semiconductor may be necessary 
between the metal and emitter and collector structures. For a /Mype converter, a metal 
gap is more problematic, because reliable ohmic contacts are required. 
[0068] The present invention may be embodied in other specific forms without 

Pi 

§z , : departing from its spirit or essential characteristics. The described embodiments are to 

a g>ls« 

P § h 5 -S h be considered in all respects only as illustrative and not restrictive. The scope of the 

hr 8 < E * 

< I § eI ° u invention is, therefore, indicated by the appended claims rather than by the foregoing 

< <=> w u 

2 £ § 8 a description. All changes which come within the meaning and range of equivalency of 

O < S 

the claims are to be embraced within their scope. 
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